BACKGROUND: Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, and fatal interstitial lung disease associated with poor prognosis and limited effective treatment options. Reliable predictors of outcome in daily clinical practice are needed to determine high-risk patients for urgent lung transplantation referral. This study aimed to identify practical prognostic predictors of mortality using cardiopulmonary exercise testing (CPET) in IPF subjects. METHODS: Thirty-four subjects with IPF (22 men and 12 women), median age 68 (range 50 -81) y were prospectively studied. At baseline, all subjects were assessed with CPET and were followed up for 40 months from baseline. Receiver operating characteristic curve analysis was conducted to determine cut-off points of CPET variables for mortality, Cox regression analysis for survival using a log-rank test, and hazard ratio for death using a Wald test. RESULTS: Peak work rate <62 watts (P ‫؍‬ .005), peak V O 2 <13.8 mL/kg/min (P ‫؍‬ .031), tidal volume reserve <0.48 L/breath (P ‫؍‬ .010), minute ventilation to carbon dioxide (V E )/V CO 2 ) ratio at the anaerobic threshold >34 (P ‫؍‬ .02), and V E )/V O 2 nadir >34 (P ‫؍‬ .002) were detected as cut-off points associated with mortality. Non-survivor subjects were characterized by higher dyspnea levels, the presence of pulmonary hypertension assessed by echocardiography, pronounced inefficient ventilatory pattern, lower exercise capacity, and more severe desaturation during physical exertion. By the end of the study, 11 subjects (7 women and 4 men) died. Overall mean survival was 60%, 33.7 months (95% CI 30.2-37.2). CONCLUSIONS: This study provides simple, practical, and novel cut-off points for CPET as predictors of prognosis to identify high-risk IPF subjects. Impairment in exercise capacity and abnormal ventilatory responses during CPET were associated with poorer survival in IPF subjects. The findings suggest considering the use of CPET for IPF risk stratification and prediction of prognosis. (ClinicalTrials.gov registration NCT01499745.) Key words: cardiopulmonary exercise testing, survival, prognostic predictors, ventilatory response, exercise 
Introduction
Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive interstitial lung disease with substantial morbidity and mortality and poor prognosis. 1 IPF is characterized by progressive worsening of lung function and dyspnea, impaired gas exchange, inefficient breathing pattern, exercise-induced hypoxemia, and exercise intolerance. 1, 2 Median survival has been reported between 2 and 3 y from the time of diagnosis. However, more recent data suggest that this might be underestimated, and some patients live much longer. 1, 3 Although IPF has an overall poor prognosis, the clinical course for individual patients varies from slow progression to acute decompensation and death. 4 The heterogeneity of the clinical course in IPF makes it difficult to predict the disease outcome and, hence, the optimal timing for lung transplantation. 5 Moreover, patients with IPF present the highest waiting list mortality among lung transplantation candidates, ranging widely from 14 to 67%. 6 Several prognostic variables have been shown to correlate with survival. 1, 7 However, there is no established method of combining these predictors to accurately determine prognosis, and research in this area has failed to yield prediction models that can be reliably used in clinical practice to predict individual risk of mortality. 3 Cardiopulmonary exercise testing (CPET) is a reliable, accurate, and valid tool and is considered the accepted standard measurement for cardio-respiratory capacity (peak V O 2 ) and exercise limitations. [8] [9] [10] [11] [12] [13] Peak V O 2 is a well-established universal prognostic parameter that represents the physiological capacity of the heart, lungs, and skeletal muscles to supply aerobically the metabolic demand for the body's physical functioning. 11, 12 In the past few decades, ventilatory efficiency parameters, such as the ratio of ventilation to carbon dioxide slope and the ratio of ventilation to carbon dioxide at the anaerobic threshold (V E /V CO 2 at the anaerobic threshold) have also showed strong prognostic value in many chronic conditions, including IPF. [10] [11] [12] [13] [14] [15] In patients with IPF, abnormal multifactorial pathophysiology and exercise limitations are usually represented during CPET. 16, 17 These may include exercise intolerance, cardiovascular compromises, inefficient ventilation, and desaturation, which are common impairments in physical exertion. [16] [17] [18] CPET has some ameliorated prognostic value compared with resting cardiopulmonary functions both in cardiac and lung disease patients. [8] [9] [10] [11] [12] [13] A few studies have shown several CPET parameters as prognostic predictors in subjects with IPF as well. 14, 15, 19, 20 However, these studies have significant limitations in terms of retrospective methodology, 14 low sensitivity level, 19 and challenging implementation in clinical practice, due to complicity and lack of availability. 20 Considering these gaps in the currently available data, we aimed to identify practical prognostic predictors of mortality using cardiopulmonary exercise testing in subjects with IPF.
Methods

Subjects and Setting
This observational prospective follow-up study was conducted at the Pulmonary Institute, Rabin Medical Center, Beilinson Hospital, Petach-Tikva, Israel, and was approved by the hospital ethics committee. Written informed consent was obtained from each subject before participation. Subjects were included if diagnosed with IPF according to accepted clinico-radiological criteria of the American Thoracic Society and European Respiratory Society and were clinically stable in the previous 3-6 months. 1 Exclusion criteria were: severe co-morbid illnesses, unstable cardiac disease, and any neurological or orthopedic contraindications for exercise testing.
In the current study, subjects from our previous exercise training study 21 were followed up until 40 months from baseline. Thirty-eight IPF patients treated in the Pulmonary Institute were screened for eligibility to participate in the study. 22 According to 50-m improvement in 6-min walking distance, a power analysis before the recruitment revealed that a total of 30 participants were needed (15 in each group) to detect a significant difference between the groups. 21, 22 Thirty-four subjects volunteered and were recruited based on a 10% expected dropout rate in a previous exercise training study in ILD. 23 Demographic characteristics were obtained from all subjects, and evaluation for dyspnea by the Modified Medical Research Council scale was made. 24, 25 During the subjects' visit at the clinic, randomization was performed by a study coordinator uninvolved in subjects' assessment or treatment. Sealed envelopes containing each subject's intervention allocation were randomly opened, and the subject was assigned to either an exercise training group (n ϭ 16), where the subject participated in a 60-min, twice weekly, supervised exercise program for 12 weeks, or a control group (n ϭ 18), where the subject continued with the usual care alone. 21 In the current study, baseline data of subjects in both groups (n ϭ 34) were used to determine the prognostic predictors of survival. Subjects were tested as described below and followed up for 40 months from baseline.
QUICK LOOK
Current knowledge
Cardiopulmonary exercise testing (CPET) is a wellestablished prognostic tool in several cardiac and lung diseases, especially heart failure and pulmonary hypertension. Idiopathic pulmonary fibrosis is a chronic unpredictable fatal lung disease in which CPET has limited prognostic reliable and practical outcomes.
What this paper contributes to our knowledge
This study determines several new, noninvasive, simple, and practical CPET variable cut-off points related to exercise intolerance and inefficient ventilation that can provide prognostic utility, risk stratification, and assistance with clinical decision making in patients with idiopathic pulmonary fibrosis.
Doppler Echocardiography
Two-dimensional echocardiography was performed at rest according to the American Society of Echocardiography guidelines (Vivid 7 Dimension, GE Healthcare, Madison, Wisconsin). 26 Systolic pulmonary arterial pressure was estimated from the maximal tricuspid regurgitated jet velocity adding estimated right atrial pressure. 27 Pulmonary hypertension was defined as systolic pulmonary arterial pressure Ͼ35 mm Hg. Mild to moderate pulmonary hypertension was defined as systolic pulmonary arterial pressure between 35 and 50 mm Hg, and severe pulmonary hypertension was defined as systolic pulmonary arterial pressure Ͼ50 mm Hg. 28 Left ventricular systolic function was determined using standard techniques. 26 
Pulmonary Function Tests
Pulmonary function tests, including spirometry total lung capacity and maximal voluntary ventilation, and diffusion capacity for carbon monoxide, were performed according to standard techniques and American Thoracic Society/European Respiratory Society guidelines (Zan 530, nSpire, Oberthulba, Germany). [29] [30] [31] All of the measured parameters were presented as percentage of predicted values of the European Community for Coal and Steel. 32 
CPET
CPET was performed according to established guidelines on an electromagnetically braked cycle ergometer using a 10 -15 watts/min ramp protocol (Ergoline GmbH 800S, Lindenstrasse 5 72475 Bitz, Germany) with metabolic chart of breath-by-breath respiratory gas exchange, 12-lead electrocardiogram, blood pressure cuff, and pulse oximetry (S pO 2 ) (Zan 600, nSpire, Oberthulba, Germany). 8, 9, 12, 33 Subjects were instructed to take their usual medications as prescribed. All tests were conducted between 8:30 a.m. and 12:30 p.m. to maximal subjective exertion level and respiratory exchange ratio (Ն1.1) and were supervised by a physician. 12 Cardiopulmonary data were calculated and analyzed based on an average of 30-s presentation. The anaerobic threshold was determined by the dual-method approach, using the V-slope method combining ventilatory equivalents (V E /V O 2 and V E /V CO 2 ). 12 V E /V O 2 nadir was defined as the lowest value of V E /V O 2 ratio during the exercise. 14, 15, 19, 20 A novel respiratory parameter, tidal volume reserve, which assesses tidal volume response and ventilatory efficiency during exercise, was calculated from CPET; tidal volume reserve was defined as the peak tidal volume minus the resting tidal volume. CPET parameters were compared with normal values proposed by Wasserman 34 and also expressed as percentage predicted.
6-Min Walk Test
The 6-min walk test was conducted according to American Thoracic Society guidelines in a 35-m corridor at the pulmonary unit within the hospital. 35 Borg dyspnea category-ratio 10 scale, heart rate, and oxygen saturation (S pO 2 ; pulse oximeter 2500 30 EM, Nonim Medical, Minneapolis, Minnesota) were obtained before and immediately after the test. 33 
Exercise Training Program
The program was conducted according to general exercise training recommendations for respiratory disease patients. 33, 36 The training program included aerobic, resistance, and flexibility exercise modes as well as deep breathing exercises in each session. The program continued for 12 weeks, twice weekly with 60-min group exercise training in the pulmonary unit. The program was divided into two 6-week exercise progressive blocks, in which the overall load was gradually increased according to the subject's tolerance. In the first block, interval training was used for the aerobic component, and a single set system was used for the resistance and flexibility components. In the second block, aerobic endurance and a multiple set system were implemented. A more detailed description of the exercise program can be found in our previous report. 21 
Primary and Secondary Outcomes
Based on previously established prognostic CPET data in heart and lung disease [8] [9] [10] [11] [12] [13] as well as in patients with IPF, 14, 15, 19, 20 the primary outcomes of the current study were peak V O 2 , peak work rate, V E /V O 2 nadir, anaerobic threshold V E /V CO 2 , and tidal volume reserve cut-off points using CPET in subjects with IPF. The secondary outcome was characterizing non-survivor subjects with IPF.
Statistical Analysis
Demographic, clinical, and physiological data of the participants are presented as median (range). Categorical variables are presented in n (%). Comparison between survivors and non-survivors was performed by MannWhitney U test for non-normally distributed parameters and chi-square test for categorical variables. Receiver operating characteristic curve analysis for cut-off points with Ͼ70% sensitivity and Ͼ60% specificity to detect mortality was performed for exercise capacity (peak V O 2 , peak work-rate) and ventilatory efficiency variables (V E /V O 2 nadir, anaerobic threshold V E /V CO 2 , and tidal volume reserve) as was previously demonstrated. 14, 15, 19, 20 Cox regression analysis using a log-rank test was conducted for survival analysis and comparison between significant cut-
off points as well as between the exercise training and control groups at the 40-month time point. Hazard ratio for death or lung transplantation using a Wald test was calculated based on variables' cut-off points that were identified as significant in the receiver operating characteristic analysis. Subjects who underwent lung transplants were considered as fatalities in the statistical analysis, as has been reported previously. 5, 14 Exploratory data analysis using Spearman's correlation coefficient 37 was performed between the previously demonstrated 1 and the proposed prognostic predictors in the current study. The statistical analyses were conducted using SPSS 17 (SPSS, Chicago, Illinois). The significance level was set at P Ͻ .05.
Results
The study population consisted of 34 IPF subjects from the Pulmonary Institute who were recruited for pulmonary rehabilitation. 21 All subjects completed the tests without adverse events. Demographic, cardiopulmonary, and exercise data are presented in Table 1 . After recruitment, subjects were randomly allocated to the exercise training group (n ϭ 16) and participated in 12-week, 60-min twice weekly supervised exercise sessions or to the control group (n ϭ 18) and continued regular medical care. During the follow-up period, 5 subjects in the control group and 3 subjects in the exercise training group were treated with pirfenidone, without any significant differences between the groups for the number of pirfenidone users (P ϭ .54). There were no other changes in medications during the study period.
During the 40-month study, 11 subjects died (7 women and 4 men). Two of the 11 subjects were at end-stage IPF and underwent lung transplantation and were considered as fatalities in the analysis. We have reported previously that at 30-month follow-up, group allocation does not affect survival or hospitalization in this group of subjects. 38 However, that study was underpowered to detect such changes. 38 There was no significant difference between the exercise training and the control groups in the number of subjects who continued or started a 12-week pulmonary rehabilitation program during the follow-up period (P ϭ .56). In the current study, consistent with our previous report, no significant difference was found between the exercise training and control groups in survival at 40-month follow-up (P ϭ .20) (Fig. 1 ). Significant cut-off points from CPET variables were determined as prognostic predictors using receiver operating characteristic analysis (Table 2) . Subjects had poorer survival with significantly increased risk for mortality if they presented with a peak work rate Ͻ62 watts (P ϭ .005); peak V O 2 Յ13.8 mL/kg/min (P ϭ .031); tidal volume reserve Յ0.48 L/breath (P ϭ .01); anaerobic threshold V E /V CO 2 Ͼ34 (P ϭ .02), and V E /V O 2 nadir Ͼ34 (P ϭ .002) (Figs. 2 and 3 and Tables 2 and 3 ). Non-survivor subjects were characterized by the presence of pulmonary hypertension with a higher systolic pulmonary arterial pressure, a lower level of 6-min walking distance, more severe desaturation during exercise, higher dyspnea levels, and ventilatory inefficiency (Table 4) . Overall mean survival was 60%, 33.7 (95% CI 30.2-37.2) months (see Fig. 3 ). Exploratory analysis of previously established and current prognostic predictors showed significant correlations, especially between 6-min walking distance and CPET variables (Table 5) .
Discussion
In this prospective observational follow-up study, we aimed to identify prognostic predictors of mortality using CPET among IPF subjects. We detected significant cut-off points of exercise capacity and ventilatory responses predicting mortality in subjects with IPF (Tables 2 and 3 ). We also found that non-survivor subjects were characterized by a higher prevalence of pulmonary hypertension, a lower level of exercise capacity, more severe desaturation, and higher dyspnea levels with evident breathing inefficiency compared with survivors (Table 4) . Consistent with our previous report, 38 the current study did not show benefits in survival following exercise training intervention at 40-month follow-up (see Fig. 1 ), although this study was underpowered to detect such differences. Furthermore, the study showed good correlations between the new CPET and previously established prognostic variables in IPF (Table 5) , which strengthens our findings. These data emphasize the utility and the valuable role of CPET for risk stratification. CPET also can be a practical aid in clinical decision making and treatment, such as for lung transplantation referral and pulmonary rehabilitation, for patients with IPF.
The results of this study align with previous data suggesting that exercise capacity and ventilatory efficiency variables (V E /V O 2 and V E /V CO 2 ) are associated with survival in IPF. 14, 15, 19, 20 However, the present study adds several new practical cardiopulmonary parameters (peak work rate and tidal volume reserve) and cut-off points that can be considered as good prognostic predictors in IPF. Moreover, this study overcame some of the gaps and methodological limitations that exist in previous publications 14, 15, 19, 20 by adopting a prospective follow-up, using sensitive thresholds for variables, reporting both the levels of sensitivity and specificity, characterizing non-survival subjects, and indicating the hazard ratios for death (Tables  2 and 4 ). This comprehensive approach enables the clinician to make more confident decisions with respect to risk stratification, treatment options, and prognosis of patients with IPF, as supported by several previous studies in 20 Although P aO 2 slope was shown as a good predictor of mortality, it is rarely calculated and implemented in daily practice. This is because this measure requires an invasive sophisticated procedure of arterial blood gas analysis during the exercise test, which in most clinical exercise laboratories is unavailable. Fell et al 19 also retrospectively showed a threshold of 8.3 mL/kg/min in peak V O 2 to predict survival of 117 IPF subjects, 19 whereas Triantafillidou et al 15 prospectively demonstrated a threshold of 14.2 mL/kg/min for survival among 25 subjects with IPF. 15 Despite the fact that peak V O 2 has been shown as an accurate and reliable prognostic predictor in many cardiopulmonary diseases, [8] [9] [10] in Fell's study, 19 only 8 subjects (6.83%) were below the 8.3 mL/kg/min threshold, but about 46% died, which make this threshold much less sensitive. 19 Furthermore, a threshold of 14.2 mL/kg/min seems to have a good sensitivity in predicting mortality based on the report of Triantafillidou et al. 15 However, their findings are limited by a small sample size and so cannot be generalized, as well as contradicting previous reports. 19, 20 In our cohort, a peak V O 2 cut-off point of 13.8 mL/kg/min was also found to be a significant prognostic predictor, which is in line with the results of Triantafillidou et al. 15 (Table 2) . Nevertheless, the prognostic role of peak V O 2 in IPF still needs to be ascertained in a large prospective study. Possible mechanistic explanations for these findings can be related to the fact that IPF disease manifests in multifactorial limitations during exercise, which may be reflected in some of the small variability that exists in cutoff points and different CPET variables across studies. 16, 17 In addition, accompanying co-morbidities, disease sever- ity, and the time course for assessment may also have an impact on differences in the reports. Most studies that assessed survival in IPF subjects suggest that exercise intolerance, exercise-induced hypoxemia and desaturation, and inefficient ventilation are associated with disease severity and poor prognosis. 1, [14] [15] [16] [17] [18] [19] [20] The current study also found these pathophysiological abnormalities associated with survival in IPF. It might be that the degree of fibrotic parenchymal damage manifest in restrictive pathophysiology can be detected more sensitively by exercise intolerance, abnormal pulmonary gas exchange, and inefficient ventilatory variables, especially when the physiological systems are stressed, such as during progressive CPET among IPF. Furthermore, these results demonstrated a cluster of moderate to highly significant correlations, in both resting and exercise previously established variables, 1 with the prognostic predictors proposed in the current study (Table 5 ). This can substantially support further generalization based on the current data. However, despite these pathophysiological impairments that seem to be related to survival in patients with IPF, 1, [16] [17] [18] given the multifactorial nature of the disease and the diversity of predictors, we believe that prognosis should be based on a combination of predictors rather than on a single variable, and future trials should address this issue with multivariate analysis. A few limitations exist in our study with respect to the small sample size and the level of IPF severity (FVC; 68% predicted), so caution should be taken with generalizations. Despite these limitations, the study has several advantages in collecting data prospectively, using CPET as a reliable, accurate, and accepted standard tool for cardiorespiratory exercise evaluation, 8, 9 and the number of study participants in our cohort exceeded that in a previous report of CPET and prognosis. 15 Moreover, the survival rates in our study were consistent with previous larger sample studies, which strengthens our findings with respect to the subjects' characteristics and increases confidence in the ability to generalize to larger IPF patient populations. 7, 19, 40, 41 In addition, although accepted standard diagnosis of pulmonary hypertension requires invasive right heart catheterization, in the current study, we used echocardiography measures, which are a well-accepted tool showing good correlation (r ϭ 0.7) and overall diagnostic power (sensitivity ϭ 83%, specificity ϭ 72%) with invasive procedures. 42 It could be argued that an additional limitation of the study is related to the subjects' group assignments for exercise training or usual care, which could have some impact on the results and potential bias. This hypothesis was rebutted in our previous 38 and current reports (see Fig. 1 ), showing no significant differences in survival between exercise training and the control group; however, the studies were underpowered to detect survival differences.
Conclusions
This 40-month follow-up study proposes several new, noninvasive, simple, and practical CPET variable cut-off points. These are related to how exercise intolerance and inefficient ventilation can be used to predict mortality and characterization of high-risk patients with IPF. The study strengthens the evidence for using CPET to detect highrisk patients with IPF and aids in addressing appropriate treatments, such as pulmonary rehabilitation and referral for lung transplantation. We suggest considering CPET as an important evaluation tool for risk stratification and predicting prognosis for IPF. More research with a larger sample size is warranted to confirm our findings for further implementation and establishment in standard clinical practice.
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